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R
ecent progress in the ﬁeld of nano-
crystal (NC) photovoltaics (PVs) has
been driven by the need for solvent-
dispersible, chemically robust materials to
serve as the active layers in solar cells. Much
of this interest has focused on materials
currently being used in commercial thin-
ﬁlm photovoltaics, particularly cupric chal-
cogenides such as copper indium gallium
sulﬁde/selenide (CIGS/Se),1 copper indium
sulﬁde/selenide (CIS/Se),2 and copper zinc tin
sulﬁde/selenide (CZTS).3,4 However, thehigh-
vacuum (<105mbar) and high-temperature
(>400 C) deposition methods needed to
produce high-eﬃciency cells are either eco-
nomically and energetically expensive or
are incompatible with roll-to-roll processing
onto common ﬂexible substrates. Colloidally
grown semiconductor nanocrystals could
enable the use of low-temperature, scaleable
atmospheric-pressure deposition methods
such as inkjet printing or spray coating.527
The main barrier to adoption of (non-
sintered) cupric chalcogenide colloidal nano-
crystal solar cells is their relatively low power
conversion eﬃciencies (PCEs): generally less
than 2% for most candidate materials, with
the best devices achieving around 3%.8
These are low with respect to both their
thin-ﬁlm analogues and lead-based nano-
crystalline devices.5,2831 In the latter case,
nearly a decade of work on the physics and
conduction mechanisms present in these
ﬁlms has informed a series of incremental
improvements in eﬃciency. Much less eﬀort
has been spent understanding the charge
dynamics of devices using ternary and qua-
ternary cupric chalcogenide nanocrystals.
* Address correspondence to
ncg11@cam.ac.uk.
Received for review January 20, 2015
and accepted May 7, 2015.
Published online
10.1021/acsnano.5b00432
ABSTRACT
We investigate charge dynamics in solar cells constructed using solution-processed layers of CuInS2 (CIS) nanocrystals (NCs) as the electron donor and CdS as
the electron acceptor. By using time-resolved spectroscopic techniques, we are able to observe photoinduced absorptions that we attribute to the mobile
hole carriers in the NC ﬁlm. In combination with transient photocurrent and photovoltage measurements, we monitor charge dynamics on time scales from
300 fs to 1 ms. Carrier dynamics are investigated for devices with CIS layers composed of either colloidally synthesized 1,3-benzenedithiol-capped
nanocrystals or in situ solgel synthesized thin ﬁlms as the active layer. We ﬁnd that deep trapping of holes in the colloidal NC cells is responsible for
decreases in the open-circuit voltage and ﬁll factor as compared to those of the solgel synthesized CIS/CdS cell.
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RESULTS AND DISCUSSION
Here, we study charge kinetics, recombination, and
extraction in copper indium sulﬁde (CIS) solar cells
coated with cadmium sulﬁde. We used solution-
deposited CIS colloidal nanocrystals (CNCs) as the
p-type absorber and hole transport material. Reference
devices were prepared using solgel deposited
(in situ) CIS produced by a previously reported
method.18 Solgel-deposited CdS is then used for
both classes of device as an n-type electron transport
material, which forms a type-II heterojunction with
bulk CIS. Excited-state dynamics are observed on time
scales of 300 fs to 1 ms using transient absorption
spectroscopy. We obtain micro- to millisecond charge
dynamics using transient photovoltage and photo-
current measurements. This allows us to track excited
state and charge populations over awide range of time
scales, from immediately after excitation through
charge separation and eventual collection at the elec-
trode. Using this approach, we are able to infer the loss
mechanisms contributing to lower PCE in colloidal
nanocrystalline devices.
Device Fabrication and Efficiency. For the colloidal NC
devices, spheroidal wurtzite nanocrystals with a band-
gap of 1.49 eVwere synthesized in oleylamine at 180 C
using a method adapted from those reported pre-
viously for CNC synthesis.22,32,33 CNC films were fabri-
cated using a layer-by-layer spin casting of purified
nanocrystals from chloroform, alternating with spin
coating of a 1,3-benzenedithiol linker (see Materials
and Methods for more detail).
For comparison, we also prepared in situ grown NC
thin ﬁlm CIS/CdS solar cells using solgel methods
adapted from Li et al.18 The in situ CIS layer was pro-
duced by spin coating the CIS precursors with volatile
ligand groups onto a substrate. Subsequently, the
in situ ﬁlm was annealed at 250 C for 10 min, forming
a thick ﬁlm ofmainly ligandless, nominally chalcopyrite
particles with crystalline domains of size 110 nm.18
Approximately 50 nmof CdSwas deposited onboth
in situ and CNC ﬁlms as an electron-extracting layer
(see Materials and Methods) by spin casting CdS pre-
cursors onto the substrate. The substrates were then
annealed for 5min at 250 C to convert the precursor to
bulk CdS.18 One-hundred nanometers of aluminum
was thermally evaporated through a shadow mask to
form the top electrode, and deviceswere encapsulated
under glass with an epoxy seal. Devices reported
herein had an overall ﬁlm thickness of ∼300 nm and
an area of 4.5 mm2.
A schematic representation of the device architec-
ture is shown in Figure 1a. A scanning electron micro-
scope (SEM) was used to image the cross-section of a
typical ﬁnished CNCdevice (Figure 1b). PCE for the CNC
CIS/CdS and in situ CIS devices was measured under
100 mW/cm2 AM1.5G conditions and found to be
1.5 and 3.2%, respectively (Figure 1c). These values
are comparable to previously reported devices of these
Figure 1. (A) Diagram of a ITO/CIS/CdS/Al device using colloidal CIS nanocrystals (CNC). (B) Scanning electron microscope
(SEM) image of the cross-section of a typical ﬁnished CNC device. (C) Currentvoltage characteristics for devices using in situ
and CNC CISmeasured in the dark and under AM1.5 illumination. (D) External quantum eﬃciencies of in situ and CNC devices.
The inset shows the same as a function of excitation energy. By linear extrapolation of the EQE curves, we obtain an estimate
of the bandgap for CNC and in situ CIS of 1.35 and 1.47 eV, respectively (inset).
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types.8,18 CNC and in situ synthesized NC solar cells
achieved similar short-circuit current densities (Jsc) of
6.7 and 7.2 mA/cm2 and peak EQEs of 32 and 26%,
respectively (Figure 1d). The main diﬀerence in PCE
arises from a lower ﬁll factor (FF) of 48% in CNC devices
compared to 63% in their in situ counterparts, aswell as
a lower open-circuit voltage (Voc) of 475 mV compared
to 712mV, respectively. Comparative device character-
istics are summarized in Table 1.
The diﬀerences in external quantum eﬃciency
(EQE) action spectra between the two device types
can be accounted for by diﬀerences in the absorbance
of the two ﬁlms due to diﬀerences in NC particle size
and variations in composition and crystallinity. UVvis
transmission measurements showed both CIS ﬁlm
types to be highly scattering, hindering a precise
determination of their bandgap. However, by extra-
polating their EQE response in the near IR as a proxy for
the onset of absorption, we estimate the bandgaps of
CNC and in situ devices to be 1.35 and 1.47 eV,
respectively. The bandgap of cupric chalcogenides is
particularly sensitive to diﬀerences in stoichiometry,
and shifts in bandgap between 1.1 and 1.4 eV have
been observed in Cu2xS.
34 The diﬀerence in bandgap
of about ∼0.1 eV, therefore, does not account for the
0.24 eV diﬀerence in Voc. Taken in conjunction with the
lower FF of the CNC devices, this suggests that the
underlying recombination dynamics and energetics of
charge carriers in these systems are diﬀerent.
Bandgap and Energy Level Characterization. To investi-
gate differences in energetics between CNC and in situ
CIS films, we employed ultraviolet photoelectron spec-
troscopy (UPS). Ionization energies (IE) of (4.9( 0.1) eV
and (5.2 ( 0.1) eV were measured for the CNC and
in situ CIS films, respectively, and are shown in Figure 2.
CdS thin films were found to have an IE of 6.7 eV. Since
CNC CIS films showed a 0.3 eV lower ionization poten-
tial than that of the in situ films, the offset between the
conduction band of CdS and the valence band of the
CIS reduces to 0.6 eV for CNC, compared to 0.9 eV for
the in situ material. This difference accounts for the
0.24 V lower Voc observed for the CNC devices.
To understand the origin of this change, we note
that shifts in valence band energy due to quantum
conﬁnement can be ruled out here, as these crystals
are signiﬁcantly larger than the Bohr radius of CIS,
which is about 4.1 nm.35 A reduction in bandgap of
CuInS2 nanocrystals has been previously attributed to
subgap states arising from surface defects.36 Li et al.
argued that nonradiative decay occurs through surface
defects in NCs.32 However, they found that passivation
of these surface states via ligands does not lead to a
sharper absorption onset, suggesting that these sur-
face defects are not responsible for the smaller band-
gap and lower IE. Radiative decay in that work was
posited to occur through an internal defect derived
from switching of the In and Cu metal ion positions.32
Goossens et al. argued that Cu(I) in an In(III) position
can result in subgap states 0.20.24 eV above the
valence band.37 These emissive defects were found to
be intrinsic to both CIS nanoparticles and thin ﬁlms.38
Substitutions of In with Cu atoms are typically pro-
duced under anion-deﬁcient conditions.39 However,
TABLE 1. Device Characteristics of in Situ and CNC Solar
Cellsa
Jsc [mA/cm
2] Voc [mV] FF PCE
in situ 7.2 712 63% 3.2%
CNC 6.7 475 48% 1.5%
a Metrics for ITO/CIS/CdS/Al solar cells.
Figure 2. Energy levels of the eﬀective bandedge states of theCIS andCdS active layers, aswell as the relative energy levels of
shallow hole traps (ST) and deep hole traps (DT) in the CIS ﬁlms for (A) CNC and (B) in situ solar cells, as measured by UV
photoelectron spectroscopy (UPS). The highest occupied states, asmeasured byUPS, for the CNC ﬁlmwere found to be 0.3 eV
higher in energy than the valence band of the in situNC ﬁlm. This lowers themaximumachievable Voc and is attributed to the
presence of deep trap (DT) states. Standard work functions of the electrodes are included for reference along with nominal
conduction bands calculated using the optical band gap of each material.
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X-ray photoelectron spectroscopy (XPS) measurements
of CNC ﬁlms found them instead to be Cu-deﬁcient,
compared to both the In and S content (Supporting
Information), and no photoluminescence could be ob-
served. This suggests that a copper substitutional defect
is not responsible for the lower bandgap or the IE
potential change in the CNC ﬁlms.
Instead, the decrease in bandgap is due to an
increase in copper vacancies, one of themost common
defects in CuInS2. These defects states have been
previously found to lie ∼0.100.15 eV above the
valence band.38 The change in IE potential, however,
is most likely due to deep traps on the surface of the
nanocrystals. This suggests a much larger population
of deep trap sites in the CNC than in the in situ ﬁlms.
Impurities in the in situ ﬁlm may also play a role in
surface passivation, in that a large population of deep
traps were not detected in the in situ solar cells either
from the UPS or the electrical measurements. With a
band gap of 3.1 and 2.0 eV, respectively, CuI or InI, if
present, could decrease the prevalence of surface traps
on the in situ CIS nanocrystals by coating the NC
surface or by ﬁlling in dangling bond sites with iodide
ions, ostensibly forming InI and CuI bonds at the
surface. A similar eﬀect has been observed in previous
studies of PbSe and PbS nanocrystals, wherein halide
anions were found to passivate surface traps.40
Assignment of Spectral Features for Transient Absorption on
Ultrafast Time Scales. Transient absorption (TA) spectros-
copy was used to study the charge dynamics of CIS/
CdS CNC and in situ devices (Figure 3a). Figure 3b,c
shows typical transient absorption spectra for CIS and
CIS/CdS films employing CNCs, respectively. These are
measured in the spectral range of 8001650 nm using
an excitation wavelength of 800 nm (∼300 fs pulse
width). In CIS CNC films without CdS, we observe a
positive peak around 850 nm with an additional large
positive feature that extends up to the detection limit
of 1650 nm. The positive signal at ∼850 nm (1.46 eV)
overlaps with the onset of the CIS absorption and is
attributed to bleaching of the first excitonic absorption,
equivalent to a ground-state bleach (GSB). The positive
TA signal observed in the pure CIS-NC film between
1000 and 1650 nmhas previously been observed in CuS
and CuSe and was attributed to the bleaching of
localized surface plasmons.41 This is consistent with
the sub-bandgap absorption in the near IR region
observed in steady-state absorption measurements of
colloidal nanocrystals in solution (blue curve in
Figure 3d, inset). While some contribution from stimu-
lated emission fromdefect states is possible,38 thin films
studied here exhibited low emission yields at room
temperature, below our detection limit; thus, a signifi-
cant contribution from stimulated emission is unlikely.
Figure 3. (A) Simpliﬁed diagram of the CIS CNC ﬁlms with (right) and without (left) CdS as an electron acceptor on quartz
substrates used for ultrafast transient absorptionmeasurements. (B) Ultrafast transient absorptionmeasurements of CIS-CNC
ﬁlms on quartz showing decay of the ground-state bleach at ∼850 nm and bleaching in the infrared at 1350 nm. The time
decay of the GSBmatches that of the infrared bleach (inset). (C) Ultrafast transient absorptionmeasurements of CIS-CNC/CdS
coated ﬁlms on quartz. The decay of the GSB (inset) is faster than that of the uncoated CIS ﬁlms, and a long-lived photo
induced absorption has appeared in the infrared. (D) Field-modulated electroabsorption spectrum of thin ﬁlms and static
absorption spectrum (inset) of CNC in solution. Electroabsorption spectrum for the device (ITO/CIS-CNC/Au) wasmeasured at
0 V dc with a modulation frequency and amplitude of 2113 Hz and 1 V, respectively, to inject holes into the CIS layer; JV
characteristics of the hole-only device can be found in the Supporting Information.
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CIS ﬁlms coated with CdS showed similar GSB
dynamics at 850 nm (Figure 3c). However, a negative
feature caused by photoinduced absorption (PIA) can
be observed in the spectral region between 1200 and
1600 nm. This feature, centered around 1300 nm in
the CIS-CNC/CdS ﬁlm, peaks within the instrument
response of 300 fs and does not appear in the pure
CIS-CNC spectrum. Since excitation at 800 nm pre-
cludes exciting the CdS ﬁlm directly and energy trans-
fer from the low bandgap CIS to the wider bandgap
CdS is unfavorable, we conclude that the new PIA does
not arise from excited-state absorption of excitons in
the CdS phase. Instead, we ascribe this feature to the
absorption due to photoinduced charges.
From these results alone, this PIA feature could be
ascribed to either holes on the CIS or electrons in the
CdS. To determine which is the case, we performed
charge-induced absorption measurements42,43 on CIS-
CNC hole-only devices (ITO/CIS/Au), which measure
the change in absorption induced by the injection of
holes into the CIS by a mixed ac/dc voltage bias. A
detailed description can be found in the Materials and
Methods. CIS-CNC hole-only devices were found to
have a strong in-phase response around 1450 nm
(Figure 3d). The absorption features observed here
are in the same spectral region as the PIA signal in TA
measurements, with a diﬀerence in peak position of
less than 100 meV. We thus attribute the PIA signal
observed in TA measurements to an increase in the
absorption of holes in the CIS. This also means the
hole absorption lies in the same spectral region as the
localized surface plasmon,41,44 suggesting that the PIA
does not arise from transitions of holes to higher
excited states but instead results from an increase in
plasmonic absorption. This latter eﬀect has been ob-
served previously in cupric chalcogenides, where plas-
mon absorption strength increaseswith increased hole
density.44 While the absorption features compared
above do not match exactly, this is to be expected
since the stoichiometric composition of the nano-
crystals is very sensitive to both synthesis conditions
and oxygen exposure. Changes in oxidation state also
aﬀect hole density, which, in turn, shifts the peak of the
plasmon absorption.44
Having identiﬁed the additional PIA feature in the
CIS/CdS blend as being due to the CIS hole plasmon,
the absence of this feature in pure CIS ﬁlms indicates
that direct photoinduced charge generation is not
eﬃcient within the CIS phase. This suggests that CIS/
CdS devices are excitonic in nature, which explains the
requirement for a CIS/CdS interface to form separated
charges.
The appearance of the hole plasmon PIA within
the instrument response time (300 fs) indicates that
diﬀusion of excitons in the CIS is not the dominant
process in charge generation. This, and the lack of a
later growth of the PIA, indicates that only excitons
generated at or very near the CdS interface result in the
formation of charges. The relatively high EQEs above
20% would then indicate a larger interfacial area than
that of a simple planar heterojunction. This suggests
that the CIS/CdS devices do not form a bilayer but
that the CdS penetrates the mesoporous structure of
the CIS.
The positive plasmonic bleach observed in the
CNC-only ﬁlms (Figure 3b) is broader and red-shifted
compared to the PIA signal observed during TA
measurements in CIS/CdS ﬁlms, which requires some
explanation. Kriegel et al. found that pulsed photoex-
citation of pristine copper chalcogenide NCs resulted
in a red-shifted plasmonic bleach when compared to
steady-state measurements and attributed this to the
heating of the carrier gas.41 The plasmonic feature
was also broader than in steady-state measurements,
which was assigned to a pump-induced increase in
charge carrier scattering, resulting in a damping of the
plasmonic resonance. By analogy to the behavior of
gold nanoparticles,45 Kriegel et al. argued that, upon
pulsed photoexcitation, scattering of charge carriers by
defects and with one another, accompanied by heat-
ing of the charge carrier population, induces a broad-
ened plasmonic bleach.41
We ﬁnd the spectral shape of the PIA observed in
CIS/CdS ﬁlms to be in good agreementwith the steady-
state hole plasmon absorption described by Kriegel
et al. Since both the PIA in CIS/CdS ﬁlms and the
plasmonic bleach in CIS-CNC ﬁlms appear within the
instrument response, and similar excitation densities
are used, it is unlikely that the relative red shift and
broadening of the plasmonic bleach is solely caused by
an enhancement in heating and charge carrier scatter-
ing. Instead, in CIS-only ﬁlms the plasmon appears red-
shifted and broader, more likely due to the electronic
coupling between the photoinduced electron and the
positively charged surface plasmon. In this interpreta-
tion, the electron damps the resonance of the localized
hole, leading to a lower absorption (positive signal) and
broader spectral shape. By introducing an electron
acceptor such as CdS, the photoinduced electron can
be removed from the CIS. Once the electron is trans-
ferred, the plasmon oscillation is no longer damped
and the photoinduced hole results in an increased
plasmonic absorption (PIA signal in Figure 3c).
Transient Photovoltage and Photocurrent Measurements.
To understand how the behavior of charges separated
at the CIS/CdS interface differs between the device
types, we conducted time-resolved photocurrent and
photovoltage measurements. For transient photocur-
rent (TPC), a light pulse is applied to a device held at
short circuit under white-light bias (WLB), and the
resulting photocurrent measured over time. From this,
we measure the time it takes to extract photogener-
ated charges, defining the extraction lifetime τe as the
time taken for the current to drop to 1/e of its initial
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steady-state value. TPC measurements as a function of
aWLB are shown in Figure 4a alongwith the respective
TPC lifetimes τe in Table 2. The majority of the charges
in the in situ devices underwent fast extraction on the
order of ∼20 μs. We also observed a photocurrent tail
extracted on time scales of hundreds of microseconds,
which we interpret as charges thermally released from
deep traps. With increasing WLB, extraction times
decrease and the long-lived tail disappears, suggesting
that such traps become filled at higher excitation
densities. To quantify the contribution to the photo-
current from the detrapping of long-lived trapped
charges, we define short- and long-lived charges as
those extracted before or after τe, respectively, and fit
the long-lived tail of the transient photocurrent decay
using an exponential function extrapolated to time
zero. In all cases, contribution from trapped charge
decreases with increasingWLB. The decrease in extrac-
tion time and the suppression of the long-lived photo-
current tail is consistent with the presence of a low
density of shallow traps. By increasing the WLB, these
trapsmay be filled by photogenerated carriers, increas-
ing the average mobility of the charge carrier popula-
tion and thus facilitating charge extraction. Charges
generated by the transient light pulse are thus less
likely to become trapped themselves, reducing the rela-
tive contribution of trapped charges to the photocurrent.
For in situ CIS/CdS devices with noWLB,∼7% of the
photocurrent was found to arise from charges that are
initially trapped. At a WLB of 100 mW/cm2, their
contribution drops below∼2%. CNC devices exhibited
a much stronger eﬀect of white-light bias on both
extraction times and the amount of trapped charge.
Without WLB, 40% of the photocurrent originates from
charges trapped at very early times after excitation. At
100 mW/cm2 WLB, the photocurrent contribution of
these trapped charges, most of which were extracted
within ∼200 μs, was reduced to about 1015%. The
large contribution of trap states to photocurrent even
at higher WLB suggests the presence of a large trap
density in the CNC devices, most likely related to
surface defects.32
It is important to note that absolute TPC lifetimes
are dependent on the hopping rates between neigh-
boring NCs, which depend strongly on the nature of
the tunnelling barriers between them. CNCs can be
expected to exhibit nearest and next-nearest neighbor
hopping conduction,4648 whereas conduction in the
semi-sintered in situ ﬁlms probably beneﬁts from amix
of hopping and band-like transport. This is reﬂected in
the generally faster TPC decay rates of the in situ ﬁlms.
Under varying white-light biases, it is the change in the
decay rate that indicates the degree of trapping in the
Figure 4. Transient photocurrent (A) andphotovoltage (B) decay as a functionofwhite-light bias. The normalized initial decay
in transient photocurrent is shown in the inset.
TABLE 2. Transient Photocurrent Decay Constants of
in Situ and CNC CIS Devices under Different Background
Illuminationsa
no WLB 8 mW/cm2 33 mW/cm2 100 mW/cm2
τe (in situ) [μs] 22 19 17 16
τe (CNC) [μs] 140 154 48 19
a TPC decay times for ITO/CIS/CdS/Al solar cells under white-light bias (WLB).
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ﬁlm as photogenerated charges ﬁll traps and increase
the overall carrier concentration. The fact that the
decay rates are relatively unchanged in the in situ ﬁlm
under WLB suggests that defects and impurities, such
as CuI, InI, and remaining ligands, do not play a strong
role in charge trapping and may, in fact, suppress this
eﬀect. The average distance between NCs is in this
experiment is unchanged, and, given similar absor-
bance proﬁles, EQEs, JSC, and dimensions, the photo-
generated carrier concentration is likely to be similar as
well. Thus, the diﬀerence in the TPC decay between the
WLB and zero WLB cases in Figure 4 is mainly due to
the degree to which trap ﬁlling is responsible for the
change in the TPC decay rates.
In contrast to TPC, transient photovoltage (TPV)
decay measures the change in voltage induced by a
light pulse and thus gives insight into the internal
recombination dynamics of the charge carriers, since
no external current ﬂows. Figure 4b (left panel) shows
the photovoltage decay time for in situ devices at
diﬀerent white-light biases. In the absence of WLB, a
TPV lifetime of ∼150 μs was measured. At a WLB of
nearly 100 mW/cm2, the TPV lifetime drops to 15 μs.
Nearly 95% of the population was found to decay via
this fast channel.
TPV lifetimes for CNC devices were largely indepen-
dent of white-light bias and were longer-lived, with life-
timesof∼1000μs forWLBs between0 and100mW/cm2
(Figure 4b, right panel). Since the CdS treatment was the
same for the in situ and CNC devices, it is unlikely that
the CdS layer is responsible for the reduction in charge
recombination. The similar TPV decay time at 0 and
100 mW/cm2 WLB indicates that charge recombination
within this intensity range does not depend on trap
ﬁlling. In combination with the long decay times under
zeroWLB, this indicates that holes are deeply trapped in
the CNC CIS ﬁlm over long periods of time.
Long-Time Transient Absorption on Solar Cells. In func-
tional solar cells, charges can undergo trapping and
nongeminate recombination processes or be trans-
ported to and extracted at the electrode. The observa-
tion of a hole-induced PIA signal gives us the ability to
trace the kinetics of these charges directly. Figure 5
shows the time evolution of the hole PIA signal be-
tween 1350 and 1450 nm for functioning CIS/CdS cells
in forward, reverse, and at zero voltage bias. The in situ
andCNCdevices in Figures 5weremeasured under low
intensity (∼10mW/cm2) and zeroWLB, for comparison.
In the in situ solar cell (Figure 5a), we observed a
relatively long-lived hole signal for all biases. Devices
measured at short circuit and without white-light bias
showed the longest charge lifetime, decaying to 1/e
of the initial PIA amplitude within 45 μs. With low-
intensity WLB, this lifetime is reduced to 12 μs at short
circuit, 8 μs at0.34 V reverse bias, and 5 μs atþ0.21 V
forward bias. From these lifetimes, we conclude that
carrier extraction occurs on microsecond time scales.
This is in good agreement with photocurrent decay
times obtained from TPC measurements, whereas the
dependence of extraction time onWLB indicates some
carrier trapping, also consistent with the TPC measure-
ments. Devices measured with WLB also showed a
faster decay in hole PIA at times <1 μs. We attribute this
to an increase in nongeminate recombination, since
the white light increases the charge density in the
device. In forward bias, the early time decay is faster
Figure 5. Spectrally resolved long-time IR transient absorption measurements (left) with the PIA signal (right) integrated
between 1350 and 1450 nm for the (A) CIS in situ and (B) CIS CNC solar cells.
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still, which we attribute to increased nongeminate
recombination arising both from the higher charge
densities at forward bias and the reduced physical
separation of electrons and holes as the internal ﬁeld
drops.
The CNC solar cells exhibited amuch faster decay of
the PIA signal, with a half-life of 100 ns. In contrast to
in situ devices, the dependence of decay time on
applied voltage and white-light bias is much weaker.
It is also notable that at short circuit the signal does not
decay fully but plateaus at around 10 μs. At reverse bias
of0.36 V, this plateau is reduced. The TA signal of the
CNC devices decays much faster than expected from
the TPC, from which we expect extraction to occur at
similar or longer time scales than those in the in situ
devices and to start from about 1 μs. However, on time
scales when charge extraction is observed in the TPC
measurements, TA measurements reveal a large frac-
tion of the hole PIA to have decayed. At 1 μs, only 25%
of the original TA signal in CNC devices remains. If this
signal were to represent extractable charge, then this
result would be in conﬂict with the IV and EQE char-
acteristics of these devices and is not consistent with
the hole kinetics measured in in situ devices.
Instead, we conclude that theTA signal at 1400nm is
not measuring the entire population of holes in the ﬁlm
but, rather, the fraction ofmobile holes that enhance the
surface plamon absorption, thus contributing to PIA.
Interpreted this way, the initial decay in TA signal
between 1 ns and 1 μs in CNC devices is due to deep
trapping of free holes. Once a hole becomes localized to
a deep trap, it does not support plasmonic oscillation,
resulting in a decay of the negative TA feature at
1400 nm. Since the in situ devices show no signiﬁcant
decay within the ﬁrst microsecond, we conclude that
deep trapping in these devices is less prevalent. This
is also consistent with our TPC measurements, where
CNC devices exhibited slower extraction kinetics than
in situ devices, suggesting a larger degree of trapping.
The long-lived TA contribution in CNC ﬁlms (t > 100 μs)
can thus be attributed to detrapping holes, which
are again detectable via the characteristic enhanced
plasmon absorption around 1400 nm.
CONCLUSIONS
In summary, we have probed the charge dynamics in
CIS devices using transient photocurrent, transient
photovoltage, and transient absorption techniques.
Charge extraction and recombination kinetics in col-
loidal nanocrystals (CNC) were found to exhibit amuch
stronger dependence on the background white-light
bias than that of in situ devices, suggesting a larger trap
density in CNC CIS. While no charge signal was ob-
served in CIS-only ﬁlms, transient absorption mea-
surements conducted on CIS/CdS ﬁlms revealed an
instrument-response-limited hole generation. This
suggests that these devices are excitonic in nature
and require the CdS interface to separate charges.
Long-time transient absorption measurements of
in situ devices were found to be in good agreement
with their TPC/TPVmeasurements.While in situdevices
showed no signiﬁcant decay of the hole plasmon
within the ﬁrst microsecond, hole-plasmon induced
PIA signals in CNC devices were found to decay by 75%
in the same time period, much faster than anticipated
from TPC measurements. We thus conclude that the
observed fast decay in hole-plasmon induced PIA in
CNC devices is due to deep trapping of free holes,
resulting in a decrease in plasmonic absorption. These
results indicate that charge dynamics in CNC devices
are dominated by deep traps, most likely from surface
defects on the nanocrystals. Better control of the
nanocrystal surface and nanocrystal chemistry is thus
essential for improving device performance. Ulti-
mately, better understanding of the physics of cupric
chalcogenide nanocrystal devices should lead to nano-
crystal solar cells that can better deliver on the promise
of cheap and scalable solar power.
MATERIALS AND METHODS
CIS Colloidal Nanocrystals (CIS CNC). In a typical synthesis of CIS
nanocrystals, 1 mmol of copper(I) iodide, 1 mmol of indium
acetate hydrate, and 1mmol of thioureawere added to 12mL of
oleylamine. The mixture was degassed under vacuum at 100 C
and then heated at 180 C for 1 h before cooling quickly to room
temperature. Nanocrystals were purified under nitrogen using
standard solvent/nonsolvent purification methods in an inert
atmosphere using isopropanol and methanol/butanol as
the nonsolvents and hexane as a solvent. After two to three
repeated purification steps, the resulting aggregated materials
were redispersed in anhydrous chloroform and filtered through
a 0.45 μmPTFE syringe filter to form a 20 mg/mL stock solution.
Transmission electron microscope images revealed samples of
large, nonuniform spheroidal nanocrystals with principle di-
mensions of (10 ( 3) nm in width, as measured on the longest
apparent axial dimension (see Supporting Information). X-ray
diffraction (XRD) spectra of the nanocyrstals correspond well
with the wurtzite crystal structure.49,50 Although samples with
superiormonodispersity could be achievedusing 1-dodecanethiol
or oleylamine-sulfur precursors, thick films of suchNCswere found
tobe very resistive andwerenot found tomake efficient solar cells.
CIS CNC Thin Film Preparation. Thick films of CIS CNCs were
formed using the layer-by-layer (LBL) technique via spin coat-
ing. In brief, nanocrystals were deposited onto a cleaned,
patterned, conductive ITO/glass substrate by spin coating a
stock solution in chloroform at 2000 rpm for 1 min in an inert
atmosphere. A solution of 0.2% 1,3-benzenedithiol (BDT) in
acetonitrile, a cross-linking agent to replace the native ligands
groups, was then drop cast onto the substrate and left for 10 s
prior to spin casting, again at 2000 rpm for 1 min. This step was
repeated with pure acetonitrile to remove excess cross-linking
agent. These three steps were repeated an arbitrary number
of times to achieve films with an optical density of ∼0.50 at
500 nm. This thickness was comparable in absorbance to CIS
in situ devices reported previously and permitted nearly com-
plete absorbance of solar light in the device while still permit-
ting spectroscopic examination with near-IR and visible
A
RTIC
LE
D
ow
nl
oa
de
d 
by
 U
N
IV
 O
F 
CA
M
BR
ID
G
E 
on
 S
ep
te
m
be
r 1
5,
 2
01
5 
| ht
tp:
//p
ubs
.ac
s.o
rg 
 
Pu
bl
ic
at
io
n 
D
at
e 
(W
eb
): 
M
ay
 22
, 2
01
5 | 
doi
: 1
0.1
021
/ac
sna
no.
5b0
043
2
HALPERT ET AL . VOL. 9 ’ NO. 6 ’ 5857–5867 ’ 2015
www.acsnano.org
5865
wavelengths. It should be noted that LBL techniques do not
necessarily replace all of the native capping groups; however,
they can be clearly observed to change the solutibility of the
CNCs already deposited, preventing redispersal of previous
films and generally increasing the conductivity.
CIS in Situ Thin Film Preparation. Thin films of CIS in situ nano-
crystals were formed using a method adapted from Li et al.18
wherein 90mgof copper(I) iodide, 120mgof indium(III) acetate,
and 150mg of thiourea were dissolved in a solution of 2.4 mL of
n-butylamine and 0.16 mL of propionic acid. This solution was
mixed just prior to spin coating in an inert atmosphere. Thin
films were spin-coated onto cleaned, patterned, conductive
ITO/glass substates at 1500 rpm and heated at 250 C for 10min
prior to CdS coating. The in situ nanocrystals appeared to be
weakly crystalline, although they nominally correspond to the
chalcopyrite crystal structure, as determined by XRD.49,50 It is
also noted that the solgel synthesis can leave iodide impu-
rities in the film, although these are greatly reduced after the
second CdS deposition step to ∼2% (see Supporting Informa-
tion for further discussion of the role of impurities).
CdS Thin Film Preparation. Thin films of cadmium sulfide were
formed on the CIS absorber layers using amethod adapted from
Li et al.18 wherein 70 mg of cadmium chloride and 190 mg of
thiourea were dissolved in a solution of 4 mL of n-butylamine
and 0.16mL of propionic acid. This solution wasmixed just prior
to spin coating in an inert atmosphere. Thin filmswere spin-coat
onto ITO/glass substrates coated with CNC or in situ formed CIS
at 1500 rpm and heated at 250 C for 10 min prior to cooling to
room temperature.
Device fabrication: Prepatterned ITO/glass substrates were
cleaned by sonication in acetone and isopropanol prior to spin
coating thin ﬁlms of in situCIS or layer-by-layer ﬁlms of CIS CNCs.
Films were then spin-coated with a CdS layer of ∼50 nm.
Aluminum electrodes of 100 nm thickness were evaporated
through a shadow mask onto the CdS layer to form the
reﬂective top electrode. All device processing and subsequent
packing were performed in a nitrogen glovebox.
Materials Characterization. Transmission Electron Microscopy.
TEMwas performed using a FEI Philips Tecnai 20 on nanocrystals
deposited from chloroform onto carbon-coated copper grids
(Ted Pella). Statistics were collected by measuring the length of
the major axis for over 100 nanocrystals.
Thin Films Material Characterization. XRD was performed
ondried powder CNCs and in situ films using a PANAlyticalX'Pert
Pro XRD system with Cu KR radiation (λ = 0.1541 nm) and a
position-sensitive detector. SEM and EDS on cleaved devices
and thin films were performed using a Hitachi S-5500 in-lens FE
SEM. Surface and composition of the in situ and CNC thin films
(see Supporting Information) were investigated using a JEOL
6610LV SEM.
Photoemission Spectroscopy. XPS and UPS were performed
using a Thermo Scientific Escalab 250Xi XPS/UPS system on thin
films deposited onto p-type conductive silicon substrates using
the methods described above. In UPS, the low-energy edge of
the valence band was used to determine the ionization poten-
tial of the thin film.51,52
Absorbance Measurements. Films were spin-cast on ITO/
glass substrates, and the spectra were collected using an HP
8453 UVvis spectrometer. CNC solution spectroscopywas per-
formed on the CIS stock solution using a PerkinElmer Lambda 9
UVvisIR spectrometer.
Device Characterization. Power Conversion Efficiency. PCE was
measured using a Keithley 2636A source measure unit and an
Oriel 92250A solar simulator. Solar output was adjusted to a
calibrated reference, and device measurements were then
corrected for spectral mismatch to the reference.
External Quantum Efficiency. EQE was measured as a func-
tion of photon wavelength. Monochromatic light was obtained
using xenon lamp light passed through an Oriel Cornerstone
260 monochromator. EQEs were calculated in comparison to
the response from a calibrated reference diode.
Transient Photocurrent (TPC) and Photovoltage (TPV). Transient
photocurrent and photovoltage were performed using 525 nm
green LED (Kingbright, L-7104VGC-H) connected to an HP
8116A pulse/function generator producing a square voltage pulse.
Pulse power of the light from the diode, while on, was approxi-
mately 5 mW/cm2 at the target, with a pulse width of 2 to 5 ms (to
achieve steady-state dynamics prior to shutoff). Current response
was measured by connecting an Agilent DSO6052A digitizing
oscilloscope in series with an input impedance of 50Ω. The voltage
response from the solar cell was recorded using the same oscillo-
scope connected in series with a 1 MΩ impedance. Measurements
were taken with and without background white-light bias of up to
∼1 sun intensity as measured against a calibrated reference cell.
Short-Time Transient Absorption Spectroscopy. For ultrafast
TA spectroscopy, the output of a 1 kHz regenerative amplifier
(Spectra-Physics Solstice) was used to seed a traveling optical
parametric amplifier (TOPAS) (Light Conversion), generating a
narrowband (20 nm) pulse (pulse length of 100300 fs) that
served as the excitation source. The transmission of the sample
was probed before (T0) and after excitation (T1), using the
broadband (8501050 nm) output of a home-built non-colli-
near optical parametric amplifier (NOPA). The transient absorp-
tion signal ΔT/T is then obtained by ΔT/T = (T1  T0)/T0.
To reduce the noise induced by laser ﬂuctuations, the probe
beam was split to provide a reference signal, which was used to
account for shot to shot variations. Both probe and reference
beams were coupled into a Andor Shamrock SR-303i spectro-
meter and detected using a pair of 16-bit 1024-pixel linear
image sensors (Hamamatsu, S8381-1024Q), which were driven
and read out at 1 kHz by a custom-built board from Stresing
Entwicklunsbuero.
Long-Time Transient Absorption Spectroscopy. Pump pulses
for long-time experiments (1 ns < t < 1 ms) were generated by
a frequency-doubled Q-switched Nd:YVO4 laser (AOT-YVO-
25QSPX, Advanced Optical Technologies), with a pulse length
of ∼600 ps. The probe and pump pulses were synchronized
using a Stanford Research Systems (SRSDG535) electronic delay
generator, which allowed TA signals to be measured between
1 ns and 1 ms. Changes in absorption were measured using the
same setup as for short-time transient absorption spectroscopy
measurements.
Electroabsorption Measurements. A tungsten lamp was
used as a white-light source and connected to a Chromex SM
monochromator. The monochromatic light was focused at an
angle of 45 on the device through the ITO side and reflected off
the gold electrode onto a Thorlabs amplified InGaAs detector. A
1 V ac bias was applied on the device using a lock-in amplifier
(Stanford Research Systems SR830 DSP) at a modulation fre-
quency 2113 Hz. To obtain themodulated absorption response,
we split the output of thephotodetector into a dc component I0T
measured with a Keithley 2400 source meter and an ac compo-
nent I0ΔT measured with the lock-in amplifier. The oscillating
signal I0ΔT measures the change in absorption induced by the
modulated voltage bias applied by lock-in, whereas the dc signal
measures the steady-state absorption of the sample. The in-
phase andout-of-phaseΔT/T responses are obtainedbydividing
the respective ac component by the dc component.
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